In recent years with the increasing concern over the proper disposal of nuclear wastes, the modelling of potential nuclear waste disposal sites, and in particular of geologic discontinuities of these sites, has received increasing attention. The behavior of fractures and fracture zones as possible conduits for water into and out of repositories, and as locations for possible future deformation or failure needs to be accurately defined. Seismic methods have potential in providing a way to extrapolate from what is known from surface observations or borehole logging to what is present in the rock mass. Recent work (Pyrak-Nolte et al., 1987; Myer et al., 1990 ) has demonstrated on a laboratory scale that there are qualitative and quantitative relationships between seismic and hydrologic properties of fractured rock because of the dependence of both of these properties on the mechanical stiffness of the fractures. Theoretical and laboratory work (Schoenberg, 1980; ) have shown that changes in seismic velocities and amplitudes can be related to the mechanical stiffness of individual fractures and joints in the rock. Transferring this knowledge to field applications is difficult in that little is known of the stiffness of fractures in-situ. To this end a fracture pressurization experiment was conducted at the Nagra Grimsel Test Site on a naturally occurring fracture zone. Measurements of pressure and deformation have been used to develop three models to describe the deformation behavior of the fracture.
DESCRIPTION OF THE EXPERIMENT
The fracture zone was intersected by two boreholes which were drilled between two tunnels. Results of previous hydrologic testing and inspection of cores showed that the principal fluid conductor consisted of a single, narrow fracture zone intersected by the boreholes. Hydraulic packers, incorporating sensitive displacement transducers to measure deformation (BOFEX) were installed in each borehole as shown in Figure 1 . The distance between Distance (m) Figure 2 . Displacements o<~> at the midpoint of a single crack assuming 1 = 13.6 m in Eq.
(2).
anchors of the BOFEX was 1.5 m. The output of the displacement transducer was± 10.0 V for a total possible displacement of± 6.35 mm. With a 1 mV sensitivity provided by electronic instrumentation, the displacement resolution was 0.64 J.liD. The interval between the packers in one borehole was pressurized to 19 bars for a period of 17 hours. At the end of this period cumulative deformation experienced in the pressurized borehole was 2.2 x Io-6 m. while in the borehole, 10 meters away, the pressure had risen to 1.9 bars, but with no measurable displacement
MODELLING OF THE RESULTS
In its simplest form the fracture can be modelled as two half-spaces separated by an interface in partial contact. Assuming a pressure of 19 bars and deformation of 1.42 x 10-6 m (corrected for the angle between the borehole and the plane of the fracture zone) the stiffness, lC, of the interface is given by: where p is the pressure and o is the fracture displacement Implicitly assumed in this calculation is that the pressure was uniform across the face of the fracture. Since the pressure distribution was not uniform, and was of limited extent, Eq.
(1) yields a conservative (high) estimate of the stiffness. If it is assumed that ·the fracture can be modelled as a single fracture, or mathematical crack in plane strain subject to a non-uniform pressure distribution, linear elastic fracture mechanics can be used to find the displacements of the crack surfaces. The pressure distribution is approximated as a cubic polynominal of the form (2) •"' , \j 3 with the constraints
The coefficients <1i resulting from these constraints are:
For a P 0 = 19 bars at x. = 0 , and P = 1.87 bars at x = 10.0 m, the value of i was calculated to be 13.6 m. To calculate displacements it is first necessary to obtain expressions for the model I stress intensity factor, K 1 . For an elliptical crack of length 2c and point loads of magnitUde P located at a distance x = b from the midpoint of the crack, K 1 is given by:
Integrating Eq. (3) for a pressure distribution yields the stress intensity factor for this configuration. Substituting Eq. (2) into (3) and performing the indicated integration yields
With K 1 known, the displacements normal to the plane of the crack can be given as a function of the position x from the midpoint of the crack:
where v is the Poisson's ratio of the material matrix. Displacements for the pressure distribution in Eq. (2) for a Young's modulus E of 42.7 GPa and a Poisson's ratio v = 0.25 are plotted against distance from the center of the crack for different crack lengths in Figure 2 . These plots show that for crack lengths greater than 20 m, there is no dependence of deformation at the center of the crack on crack length. More importantly, the plots shown that the calculated deformation at the center of the crack is two orders of magnitude higher than that measured in the field. The single pressurized crack model therefore does not model the physical reality of what was observed. A more realistic model incorporates the notion that the surfaces of the crack are in partial contact. The single crack model was therefore modified to include an additional uniform stiffness between the faces of the crack, as shown in Figure 3 (a). Assuming elastic deformation only, the problem of the pressurized crack with stiffness is solved by decomposition into two simpler problems and employing the principle of superposition. The two simpler problems involve: an elliptic crack subjected to the pressure distribution of Eq. (2) without· any additional stiffness (Fig. 3b) ; and a geometrically identical crack with an additional uniform stiffness K (Fig. 3c) .
By superposition the deformation of the composite crack (I) is related to that of the pressurized crack (II) and the crack with additional stiffness (Ill) by (6) where 5lx> is the deformation at a distance x from the center of the crack for model I. 5(x) is can be approximated from the measurements made in the field, while 5<~> is calculable from Eq. (5). The difference between the measurements recorded in the field 5<~>· and 5g> represent the restraint due to the additional stiffness K and is given by
The additional pressure P'(x) which must be applied in m to yield these displacements is given by .
As 5<~> is not known for values other than x = 0 it is assumed that olx> and 5g> differ only by a constant of proportionality given by 5loy0~); where sg) is calculated from Eq. (5).
Then Eq. (8) 
and Eq. (7} can be rewritten as
It is then possible to determine the mode I stress intensity factor for model III. Substituting the expression for P'(x) in Eq. (9) where the coefficients bi are from a third-order polynomial equation for deformation of the pressurized crack (II). Substituting the expression Eq. (11) for Kim into Eq. (5) gives
For different values of crack length it is then possible to determine the corresponding stiffness. These are plotted in Figure 4 . While the extent of the fractured zone is not known, it is expected to be in excess of ten times the pressurized region. For crack lengths of this order of magnitude Eq. (12) yields values of K on the order of 4 x 10 10 to 2 x 10 11 Pa/m, or almost two orders of magnitude less than that derived for two half-spaces joined by a stiffness as in Eq. (1). Laboratory tests performed by Pyrak-Nolte et al., (1987) suggest that the values of stiffness of naturally occurring fractures in granite could be in the range of 10 12 to 10 13 Palm. Much lower in-situ values for the fracture zone in this study might have two causes: first. the fracture zone contained gouge, which would lower its stiffness; second, the field measurements were performed on a much larger scale. If void size is scale is invariant then stiffness should decrease roughly as the inverse square of sample size.
The third model developed is that of a row of a finite number of two-dimensional coplanar cracks of equal crack length, and uniform ·spacing of 2b. In this model the ligaments of material between the cracks can be taken to represent the areas of contact between the faces of the fracture, and the cracks to represent those areas not in contact.
Simulations of the model for different crack spacings 2b and ratios of crack length to crack spacing c/b were conducted assuming the material properties already noted above in the TWODD two-dimensional boundary element program developed by Crouch and Starfield (1983) . Crack spacing, 2b, ranged from 50 m as upper limit to 0.10 m as the lower limit Crack length to crack spacing ratios c/b ranged from 0.05 to 0.99. The range of clb values for each b was selected to best match observed results. The deformations were calculated for a position of 0. 75 m above the midpoint of the center fracture.
The number of cracks for each simulation was chosen to accommodate the extent of the pressure distribution as observed in the field so that the row of cracks extended from x = 0 m to x = ± 13.6 m with the first crack centered at the origin. The pressure distribution was -.. Figure 5 is interpreted in tenns of contact area, for a given contact area deformation increases with increasing b, and the contact area required to provide a given deformation increases with increasing b. This implies that the smaller the crack spacing, the smaller the ligaments between the cracks and therefore the contact areas have to be for a given deformation. This corroborates the work of Hopkins (1987) , who found that for a given contact area, the smaller the individual areas of contact the higher the stiffness of a fracture. The horizontal line in Figure 5 represents the measured defonnation in situ (1.42 x 1o-6 m). It is seen that for a given crack size quite large spacings are required to match the observed results. Figure 6 is a plot of the percent contact area (1 -c/b) required to match the observed information as a function of crack spacing. This shows that for spacing 2b of 0.1 m the contact area would still have to be about 66%. Because of limitations in computing capacity it was not possible to make calculations of defonnation for b less than 0.05 m. An extrapolation of the curve in Figure 6 (dotted line), based on a curve fit of the values obtained at larger values of b shows that even if the crack spacing 2b were 0.05 m, the contact area would be about 59%.
An independent assessment of the contact area in the fracture zone could not be made. However, since the zone contained gouge material, high contact areas might be expected. Another possibility is that the fluid in the fracture was confined to channels and did not have access to all available void space. 7 CONO..USIONS Three models have been developed to model the deformation resulting from an in-situ pressurization test of a fracture zone. A single crack model based on linear elastic fracture mechanics proved to be too compliant, producing deformations two orders of magnitude more than those measured. A similar model also based on linear elastic fracture mechanics with an additional introduced stiffness between the faces of a single crack was developed, which yielded deformations on the scale measured in the field. Introducing an additional stiffness between crack faces is similar to accounting for the effect of areas of contact between fracture crack faces. This model is useful in that it allows a direct calculation for the fracture stiffness, which in turn can be used to determine the effect on a transmitted seismic · wave. The third model, that of a row of a finite number of two-dimensional coplanar cracks represents areas of contact and non-contact explicitly. Deformations for a given pressure distribution and c/b ratio increased with increased crack spacing. For a given deformation, the contact area between the fracture faces was found to decrease with decreasing crack spacing. In order to match the observed deformation, calculations suggested that the contact area in the fracture zone was 60% or higher. , Further in-situ experiments on naturally occurring fractures are required, but results to date indicate that fracture stiffness, like other rock properties are a function of scale. This has important implications in extrapolating results of both hydrologic and seismic measurements at laboratory scales to field situations.
